Abstract. This article describes a low-cost sensor for the detection of ethanol in alcoholic beverages, which combines alcohol-sensitive hydrogels based on acrylamide and bisacrylamide and piezoresistive sensors. For reproducible measurements, the reversible swelling and deswelling of the hydrogel were shown via microscopy. The response time of the sensor depends on the swelling kinetics of the hydrogel. The selectivity of the hydrogel was tested in different alcohols. In order to understand the influence of monomer and crosslinker content on the swelling degree and on the sensitivity of the hydrogels, gels with variable concentrations of acrylamide and bisacrylamide were synthesized and characterized in different aqueous solutions with alcohol contents. The first measurements of such hydrogel-based piezoresistive ethanol sensors demonstrated a high sensitivity and a short response time over several measuring cycles.
Introduction
The ethanol concentration is one of the essential parameters of process analytics in the brewing industry. Standard methods used such as high-performance liquid chromatography (HPLC) (Castellari et al., 2001) or the enzymatic determination of alcohol via UV-VIS spectroscopy (Korb, 2003) are costly and expensive, especially for small breweries. In comparison, manual measurement methods like hydrometers often have a poor resolution, and the accuracy of the measurement depends on the care and expertise of the operator. Furthermore, the measurements depend strongly on the sample temperature (Osorio et al., 2008) . As a consequence, breweries often need a better laboratory method for the detection of ethanol, especially considering the strict European Union laws on the labeling of alcoholic beverages (Lachenmeier et al., 2010) . In this paper, a piezoresistive silicon sensor is presented that makes use of the ethanol-dependent swelling of hydrogels. This principle has a great potential for costeffective and miniaturized sensors that are capable of inline measurements.
Hydrogels are "intelligent" hydrophilic polymer networks that show swelling properties depending on various stimuli, such as pH, salt concentration or temperature (Guenther et al., 2014) . In combination with piezoresistive pressure sensors (which measure the resulting swelling pressure), novel sensors for biotechnology, environmental and process analysis can be realized Schmidt et al., 2016; Jorsch et al., 2016) .
Ethanol-dependent swelling has already been demonstrated for hydrogels based on poly(N-isopropylacrylamide) (Arndt et al., 2000; Mukae et al., 1993) and polyacrylic acid (Nishiyama and Satoh, 2000) . In this work, based on polyacrylamide-bisacrylamide hydrogels, a piezoresistive hydrogel sensor will be presented, which is inexpensive and highly sensitive to ethanol, e.g., in alcoholic beverages. The alcohol concentration change leads to a reversible swelling or shrinking of the hydrogel. The swelling pressure on the bending plate of the used pressure sensor leads to a piezoresistive change in resistance and, via a Wheatstone bridge circuit, to a change in the measuring signal, which depends proportionally on the ethanol concentration. (1.39 µmol, 0.21 mg) bisacrylamide (Bis, Carl Roth) were dissolved in distilled water and degassed with nitrogen for 5 min. In the syntheses with different acrylamide and bisacrylamide concentrations, the ratios were varied accordingly. Subsequently, the polymerization was initiated by adding 0.05 vol% (0.87 µmol, 0.20 mg) ammonium peroxodisulfate (Sigma Aldrich) and 0.5 vol% (1.0 µL) N,N,N ,Ntetramethylethylenediamine (Carl Roth). The total volume of a synthesis approach was 200 µL. Each 30 µL of the pregel was placed in a plastic wafer mold (5.32 mm × 5.32 mm × 0.76 mm, Fluoroware) and polymerized there for at least 6 h. To remove unreacted monomers from the synthesized polymers, the hydrogels were washed in distilled water for 3 days. The mechanism of the polymerization is shown in Fig. 1. 
Swelling studies in alcohol-water mixtures
After the synthesis, the hydrogels were initially conditioned 5 times in a corresponding alcohol solution. Subsequently, the hydrogels were washed in distilled water and the initial length of the hydrogel l 0 was determined after 24 h via microscopy. After the preparation of an ethanol-water mixture with a corresponding volume concentration of ethanol, the hydrogels were incubated in this solution for 24 h. Following the determination of the length of the hydrogel l via microscopy, the solutions were changed again. For the swelling kinetics, the length of the hydrogel l was determined after a defined time. All experiments were performed at room temperature. From the results, the swelling degree S of the hydrogel was calculated as a relative change in length (Bai et al., 2013) :
Sensor design
At first, for applications in a sensor, defined hydrogel layers had to be produced. For this, a plastic spacer (thickness of 250 and 500 µm, respectively) was fixed between two glass slides and the pregel solution was filled into the resulting cavity (volume ca. 250 µL). After the polymerization, the gel was washed in distilled water for 3 days. Circular hydrogels with a diameter of 1.5 mm were punched out of the gel. In addition, various sensor setups were tested (Fig. 2) . First, a circular hydrogel with a thickness of 500 µm after synthesis was put in the center of the cavity of the pressure sensor (EPCOS, C41-Series, 5.0 mm × 5.0 mm × 0.4 mm). In a further approach, a silicon spacer (thickness ca. 280 µm) was fixed by the use of cyanoacrylate on a circuit board. The circular hydrogels with a thickness of 250 or 500 µm after synthesis were fitted on the silicon spacer. Now, in all cases, the pressure sensor was fixed by means of cyanoacrylate on a circuit board. After bonding the sensor chip to the circuit board, connection cables to the read-out unit (Fluke 45 Multimeter) were soldered. In order to feed and analyze the ethanol-water mixtures to the hydrogel sensor, an inlet and outlet hose was fixed on the circuit board using cyanoacrylate and two-component epoxy resin. The resulting sensor ( Fig. 3 ) was connected to a peristaltic pump at a constant flow of 0.2 mL min −1 . For the sensor measurements, the ethanolwater mixtures were changed every 30 min.
Results and discussion

Reversibility of hydrogel swelling
The reproducibility of the alcohol sensor is crucial for applications in process analysis. Based on the reversible swelling and deswelling process, hydrogels are excellently suited for applications in sensor technology (Fig. 4) . With the change from 0 to 50 vol% ethanol, the hydrogel deswells by about 35 %. Changing back the ethanol concentration to 0 vol% causes the hydrogels to swell to their initial size. This behavior could also be reproduced during subsequent solvent changes. Stimuli-responsive hydrogels are already known for reversible swelling, as shown for temperature (Guenther et al., 2006) , pH (Liu et al., 2016) and salt-sensitive (Izawa et al., 2009 ) hydrogels. To understand the reversible swelling mechanism of polyacrylamide-bisacrylamide hydrogels in ethanol, it is important to know why these hydrogels have a sensitivity to ethanol. Fadouloglou et al. used ethanol to dry out polyacrylamide hydrogels, which are the standard system for gel electrophoresis of proteins, reproducibly after electrophoresis and observed a uniform shrinking of the gel after 20 min in 95 vol% ethanol (Fadouloglou et al., 2000) . However, the authors have not given any explanation for this effect. Çaykara and Dogmuş characterized swelling properties of polyacrylamide gels in different alcoholic mixtures. They explained the shrinking of the hydrogels in alcohol-water mixtures with attractive interactions between alcohol and water. As a result, the free energy for the polymer-polymer contact increased, the polymer chains interact stronger with each other and the hydrogel deswells (Çaykara and Dogmuş, 2004) . The sensitivity of hydrogels to ethanol was studied by using different hydrogel systems. Xu et al. polymerized photonic crystals based on hydroxyethyl methacrylate hydrogels. They explained the swelling of the hydrogel from pure water to 40 vol% ethanol with an increase in free energy in the polymer network in the presence of ethanol (Xu et al., 2008 ). Guenther and Gerlach described the ethanol sensitivity of poly(N -isopropylacrylamide) hydrogels with the positive viscosity coefficient of ethanol. Thereby, the hydrophobic interactions in the gel tend to enhance at low ethanol concentrations, which leads to stronger polymerpolymer interactions and a deswelling of the polymer system (Guenther and Gerlach, 2009 ). All these effects can influence the deswelling of the characterized polyacrylamidebisacrylamide hydrogel system in alcoholic solutions.
Swelling kinetics in different alcohols
The hydrogels are sensitive not only to ethanol but to other alcohols such as methanol and isopropanol. The sensitivity to ethylene glycol, however, is very low (Fig. 5) . The polarity has a significant influence on the interaction of the solvent with the gel. The more polar the alcohol, the lower the alcohol-hydrogel interactions and the swelling degree of the gel. Ethylene glycol has two polar hydroxyl groups ( l/l 0 = 1.5 %), and the other alcohols have only one polar hydroxyl group. As a result, ethylene glycol can form more hydrogen bonds than the other alcohols. The different length of the hydrophobic alkyl groups in the ethanol ( l/l 0 = 35.4 %), isopropanol (36.8 %) and methanol (34.0 %) seem to slightly influence the degree of swelling. The polarity also has a considerable influence on the solubility of a polymer. The solubility of polyacrylamide, which is the main component of the hydrogel, significantly influences the physical properties of the hydrogel, like the solubility behavior. Polyacrylamide is soluble in water or ethylene glycol. However, the polymer is insoluble in alcohols (Cheremisinoff, 1997). In water or ethylene glycol, the polymer chains will interact with the solvent and the hydrogel swells. With the change to alcoholic solutions, the polymer chains will not interact with the solvent. As a consequence, the functional groups of the gel will interact with each other and the hydrogel deswells in alcoholic solutions.
Another effect affecting the swelling behavior is the viscosity of the solvent. Compared to the other alcohols, ethylene glycol has an absolute viscosity that is 10 times higher (Smallwood, 1996) . The diffusion coefficient decreases with increasing absolute viscosity according to the Stokes-Einstein equation, whereby the molecules diffuse more slowly into the hydrogels.
The swelling kinetics also shows that the hydrogels are almost completely swollen after just 1 h. However, it must be considered that the size of the gel has an influence on the swelling kinetics. Much smaller hydrogels were used in the sensor application (circular hydrogels with a total volume of 3.5 mm 3 ) than in free-swelling experiments (squared hydrogels with a total volume of 30 mm 3 ). The diffusion path of the solvent and, thereby, the diffusion time and the response time of the hydrogel were decreased. This indicates a much faster response time in sensor applications. The cross-sensitivity to other alcohols is not a problem for alcohol analysis applications because alcoholic beverages contain only ethanol.
Sensitivity of hydrogel swelling in different alcohols
It is often required for alcohol percentage determination that the sensor characteristic curve should be as linear as possible in the range of 0 to 50 vol% ethanol. For this reason, the influence of the alcohol concentration on the swelling behavior of the hydrogels was investigated (Fig. 6) . All tested alcohols showed similar sensitivities over the entire concentration range. Even at low alcohol concentrations, swelling processes were detectable. This indicates a low detection limit, which could be of particular interest for alcohol detection in the brewing industry. The dependence of the hydrogel swelling degree on the alcohol concentration is quasi-linear over a large concentration range.
A quasi-linear ethanol sensitivity was also observed for hydrogels based on acrylamide-co-itaconic acid (Çaykara and Dogmuş, 2004) . In comparison, poly(Nisopropylacrylamide) hydrogels deswell in a range of 0 to 20 vol%. Almost no change in the swelling degree was observed from 20 to 40 vol%, before the hydrogels swell again within a range of 40 to 100 vol% (Richter, 2002) . This so-called co-nonsolvency effect (Liu et al., 2015; Winnek et al., 1992) was described for other hydrogel systems like poly(acryloyl-L-proline methyl ester) gels (Hiroki et al., 2001) . This difference can be explained by the different chemical structure and the resulting different interactions of the solvent with the hydrogel. However, this nonlinear swelling behavior is unfavorable compared to the quasi-linear behavior of the polyacrylamide hydrogels for sensor applications.
Influence of the acrylamide and bisacrylamide concentration
The composition of the hydrogel influences the swelling behavior and, thus, also the sensitivity of the sensor. For that purpose, the influence of the acrylamide volume concentration on the swelling behavior of the hydrogels was determined at first (Fig. 7) . With increasing acrylamide concentration the sensitivity of the hydrogel decreases because the chain length of the polymer increases, which results in over- laps and entanglements of polymer chains within the hydrogel. The resulting physical crosslinking reduces the swelling degree (Wack, 2006) but also increases the mechanical stability of the hydrogel. Lower concentrations of acrylamide (≤ 7.5 vol% Aam) lead to a deterioration of the mechanical properties so that these gels cannot longer be used for sensory purposes. In addition to the monomer acrylamide, the crosslinker bisacrylamide also influences the swelling behavior (Fig. 8) . The lower the concentration of the crosslinker bisacrylamide, the larger the shrinking of the hydrogels. A low proportion of crosslinkers leads to fewer crosslinking points and, thus, to a larger mesh size in the hydrogel (Wack, 2006) . This leads to a higher sensitivity, but also to a reduction in the mechanical stability of the gel. At lower concentrations of bisacrylamide (≤ 0.25 mol% Bis), the hydrogel becomes mechanically so unstable that it is no longer usable. Therefore, for sensor applications, the hydrogels must be adjusted so that the highest possible sensitivity and the simultaneous mechanical stability are present.
Piezoresistive ethanol sensor
The ethanol-induced swelling of the hydrogel causes sufficiently large forces to deform the bending plate of the pressure sensor, whereby an output voltage U out is measurable (Fig. 9) . This can be used to study the reproducibility of the swelling of the hydrogel over several swelling cycles. As expected, the response time of the sensors amounting to a few minutes is shorter than of hydrogels in free-swelling mode. The response times of the sensors could be further reduced by using porous hydrogels (Franke et al., 2017) .
A drift of the sensor signal was observed. This effect can be minimized by improving the sensor design. In the swelling process, an overshooting of the sensor was detected by changing the ethanol concentration from 30 to 0 vol%. Due to the lower crosslinker concentration, the hydrogel is very soft after swelling and the uptake of water. As a result, the opposing forces of the bending plate press water out of the gel, which leads to the overshooting of the sensor. The mechanical properties of the hydrogel can be improved by higher crosslinker concentrations. In this way, the overshooting should be avoided. When changing the ethanol concentration from 0 to 30 vol%, signal changes of about 25 mV occurred. Due to the large signal change, it is to be expected that even low ethanol concentrations, like in beer (ca. 5 vol% ethanol), can be detected.
Furthermore, different sensor setups were tested (Fig. 10) . The cavity of the pressure sensor has a height of 390 µm (EPCOS AG, 2017) . In order to ensure the contact between the hydrogel and the bending plate during gel shrinking, the largest possible deflection of the bending plate should be achieved. For that reason and because of the viscoelastic properties of the gel, it is necessary to use slightly thicker hydrogels without damaging the bending plate. A thicker hydrogel leads to a larger predeflection of the bending plate of the pressure sensor. The thicker the gel is, the longer a contact between the hydrogel and the bending plate exists, which means a larger concentration range should be detectable.
The predeflection of the sensor can be defined as the output voltage in pure water. The sensor with a 500 µm thick hydrogel using a silicon spacer had the largest deflection (85 mV) and the similar sensor without a silicon spacer had the least deflection (7 mV). When changing the ethanol concentration from 50 to 0 vol%, signal changes of about 101 mV for the hydrogel with spacer and 23 mV for the one without spacer were detected.
As already discussed, the response time of the sensor depends largely on swelling kinetics and, thus, on the size of the hydrogel. Since the hydrogels have the same dimensions in both sensor constructions, no significant differences in the response times were observed.
After the shrinking of the hydrogel in the sensor, both sensor setups have nearly the same output voltage (ca. −17 mV). This might be caused by the lack of contact between the hydrogel and the bending plate. In this case, the detection of higher ethanol concentrations would not be possible. However, the sensor setup using a silicon spacer was the favorable setup due to the larger predeflection of the bending plate and the change of the output signal being almost 5 times higher. Instead of a silicon spacer, hydrogels with a thickness of more than 500 µm could also be used. However, thicker hydrogels could lead to longer response times of the hydrogel and the sensor.
Another alternative, the direct polymerization of the hydrogel (with a volume of 12.5 µL) in the cavity of a sensor, cannot be used. After swelling, the complete cavity was filled with hydrogel. The analysis solution cannot be pumped though the sensor. Also, when increasing the constant flow from 0.2 to 1.0 mL min −1 , the pump resistance of the hydrogel in the cavity was too high.
Summary
In this paper, the suitability of acrylamide-bisacrylamide hydrogels for the detection of ethanol in aqueous solutions was demonstrated. The swelling pressure of the hydrogel was measured by piezoresistive pressure sensors. It was shown that hydrogels with 10 vol% acrylamide and 0.44 mol% bisacrylamide led to sufficiently high sensitivities, so that such sensors can be used in situ in the production of alcoholic beverages such as beer or high-percentage alcoholic drinks. The composition has an influence on the sensitivity and the mechanical stability of the hydrogel. The hydrogel also showed a similar sensitivity to methanol and isopropanol. The characteristics of the sensors demonstrated a nearly linear course in a large concentration range, which is a great advantage for the use as ethanol sensors in alcohol production. The inline capability of the sensor, its high sensitivity, the good linearity, the short response time of the sensor of a few minutes and the cost-effective production make this sensor concept particularly interesting for industrial applications.
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